Methylene blue (MB) has been shown to photoinduce the direct inactivation of Gram-positive bacteria Staphylococcus aureus (S. aureus) in water. We have investigated the mechanism of S. aureus photoinactivation conducting firstly sodium azide (reactive ion N 3
INTRODUCTION
Sensitized photooxidation also referred to as photosensitizer or photodynamic action, is an indirect photochemical reaction very similar to photocatalytic oxidation. The sensitizer, often a dye, absorbs light and is photoexcited to a higher energy state. The reaction proceeds via the triplet excited state, owing to its longer lifetime relative to the singlet excited state (Foote 1968; Larson et al. 1989) . It is important to take into account as intermediate reactive species not only the sensitizer excited states, singlet oxygen and primary radicals and radical ions, but also the whole family of oxy-radicals O 2 z2 , z OH, z RO, z ROO (Taniellian et al. 2000) . Energy transfer from an excited triplet state of a photosensitizer to molecular oxygen O 2 ( 3 Sg 2 ) and the subsequent production to the metastable excited state, O 2
( 1 Dg), as well as electron transfer between an excited triplet state of a photosensitizer and a substrate molecular can initiate photo-oxidation reactions of biomolecules.
Both Type I and Type II pathways generate a variety of oxygen species, which can lead to cell death (Wainright 1998; Moan & Peng 2003) . Pathogens of bacterial, yeast and protozoa classes have proved to be susceptible to phenothiaziniums. The methylene blue (MB)/light system has also been used in photodynamic antimicrobial chemotherapy (Wainright 2000; Huang et al. 2004) . Photosensitizers based on the phenothiazinium chromophore have been reported to be bactericidal on illumination via a singlet oxygen-mediated mechanism (Wainright et al. 2006) . For this reasons, some antioxidants such as 1,4-diazobicylo 2,2,2-octane (DABCO), histidine, methionine, tryptophan, phenylalanine, azide, mannitol, n-propylgallate doi: 10.2166/wst.2008.471 have proved to reduce, in mammalian cell systems, the photodynamic effect caused by porphyrin and light (Crossweiner et al. 1982; Nitzan et al. 1989) . In this paper, as a consequence it seems important to identify the photoactivity of a photosensitizer toward Gram-positive bacteria in order to elucidate their bacterial inactivation effects. S. 
MATERIALS AND METHODS

Bacterial strain and growth
A strain of S. aureus ATCC 25923 was used for this study.
Usually, an overnight culture of S. aureus was transferred into fresh medium. Bacteria were grown at 378C at pH equal to 6.8 with aeration. At the beginning of the experiment, culture had an optical density ranging between 0.1 and 0.13 at 660 nm. Absorbance was measured with a Spectronic w 20
Genesys TM spectrophotometer. Viable bacteria were monitored by counting the number of Colony-Forming Units (CFU) per ml grown on nutrient agar after incubation for 24 h at 378C and grown on selective culture medium: mannitol salt agar (Chapman medium) for 36 h at 378C.
Cells precultured in nutrient broth at 378C for 18 h, were harvested by centrifugation of broth cultures (3,000 rpm for 10 min at 48C), washed with phosphate-buffered saline (PBS, pH 7.3 containing 2.7 mM KCl and 137 mM NaCl). 
Illumination experiments
All illuminations experiments were carried out with a 500 W halogen lamp light source. All of the irradiation spectrum of the lamp (range: 500 -750 nm, peak: 650 nm).
An incident light rate on the sample was approximately 500 W.m 22 . The photocontainers (with a final volume of 2.5 ml) were run at 288C covered by ice to maintain constant the temperature.
Survival fraction
The survival fraction was calculated by counting the colony -forming units per mL. For each treatment it was given by the Equation (Nitzan et al. 1989; Schä fer et al. 1998 ):
Where N 0 represents the number of CFU/ml of the (Table 1) . Irradiation alone did not result in a significantly decrease in S. aureus culture viability.
Using 30 min irradiation time, S. aureus suspension showed a 50.67^4.21% survival fraction. With MB, the S. aureus culture viability decreased slightly after dark incubation.
The survival fractions were relatively 86.92^4.08 and 78.43^4.08% respectively after 10 and 30 min of dark incubation.
In order to interpret the mechanistic significance of the quenching data meaningfully, these controls were compulsory. Thus, we carried out control experiments to see what effect these antioxidants trp, azide and mannitol had on S. aureus (both in the dark incubated with MB and exposure to light, with no MB added) (Table 1 and 2).
Indeed, in the absence of MB, approximately the same extent of S. aureus inactivation occurred in the presence of Trp (10 mM) and light after 10 min than in its absence (Table 1) . Under this condition, a 77.64^8.17% survival (Table 1) . Sodium azide was known to be toxic to bacteria according to the doses used, and was used as a preservative of water samples (Burudy et al. 1986 ). In that case, to exclude an intrinsic toxicity of the sodium azide under investigation, the viability of S. aureus culture was checked after 10 and 30 min of incubation with 1 and 10 mM of sodium azide after light irradiation and found significantly differed from cell viability after irradiation without quenching ( (Table 2) . No extensive effect of antioxidants such as mannitol and Trp was observed in the samples after illumination in the absence of photosensitizer and in samples that were incubated with the photosensitizer in the dark (Table 1 and 2).
In this procedure, bacteria were washed to be free of residual medium substances and treated with MB (20 mM) and light. After 10 min of treatment, it was found that the survival fraction had decreased dramatically to about 31.27^5.39% (Table 3 ). In presence of mannitol (10 mM), an increase in S. aureus survival fraction was noted (Table 3) . Mannitol was reacting specially with hydroxyl free radical (Nitzan et al. 1989; Chan & Larson 1991) , and we observed a protection level of about 27%. In presence of Trp, known to react with singlet oxygen (Nitzan et al. 1989; Bertoloni et al. 1990; Minnock et al. 1996; Taniellian et al. 2000) , only 22.94^3.53% of bacteria survival fractions were obtained. On the other hand, S. aureus treated with 20 mM MB was irradiated for 10 min as described above (500 W.m
22
) but in presence of sodium azide, known to react also with singlet oxygen (Nitzan et al. 1989; Bertoloni et al. 1990; Minnock et al. 1996; Fernandez et al. 1997; Fickweiler et al. 1997; Boscá In summary, we could provide data that suggest that Type I mechanism might be involved in S. aureus inactivation by MB photosensitization in our system. The photodynamic activity of MB seemed to occur in part, via a Type I mechanism in which z OH was produced. (Table 3 ). The inhibitory effect of mannitol was irradiation time dependent. In fact, after 30 min of irradiation, protected effect decreased. In the same conditions, when using Trp and N 3 2 , we observed a little S. aureus protection with respectively survival fractions of about 10.62^5.21 and 7.21^2.27% (Table 3) . These results suggested that singlet oxygen didn't play a clear major role in the MB photodynamic activity.
Spectrophotometric study
The interactions between MB and S. aureus bacteria were studied spectrophotometrically. Thus, in the bacterial system, the dye molecules would occupy each of the polymer's binding sites forming aggregates. Then, when Trp was introduced in medium, the dye molecules would redistribute with a decrease in the bound dye aggregate molecules as witnessed by the dimer peak disappearance. It seemed that MB in the dimer form reacted with Trp. In this condition, the protection power by Trp disappeared. Therefore, the MB monomer species were responsible for photodestruction of S. aureus bacteria. In addition, in the presence of MB, sodium azide did not protect at all during the first 10 min of irradiation time.
Mannitol was a less powerful protector. This could be contributed to the dye charge. According to literature data, especially in the case of cationic photosensitizers (such as MB), photodynamic action was promoted by cell-bound photosensitizer molecule (Merchat et al. 1996; Minnock et al. 1996; Polo et al. 2000; Usacheva et al. 2003; Jori & Brown 2004) . Consequently, the addition of external antioxidants, which could only occasionally and randomly interact with photogenerated reactive species, provided no clear and obvious information. In fact, MB was known as a metachromatic dye (Michaelis & Granick 1945; Usacheva et al. 2003) .
In certain circumstances, such a presence of anionic polymers (chromotrophes) or inorganic salts, its spectrum change due to electrostatic and hydrophobic interaction between the molecules of dye and the nearest partner 
CONCLUSION
For study of the mechanism involved in S. aureus photoinactivation, an approach using antioxidants was taken to distinguish among the affecting oxygen species. However, in this work, we showed the MB monomer species were 
